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JWST and Ground-based Observations of the Type Iax Supernovae SN 2024pxl and SN 2024vjm:
Evidence for Weak Deflagration Explosions
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ABSTRACT

We present panchromatic optical + near-infrared (NIR) + mid-infrared (MIR) observations of the
intermediate-luminosity Type lax supernova (SN Iax) 2024pxl and the extremely low-luminosity SN Iax
2024vjm. JWST observations provide unprecedented MIR spectroscopy of SN Iax, spanning from +11 to
+42 days past maximum light. We detect forbidden emission lines in the MIR at these early times while the
optical and NIR are dominated by permitted lines with an absorption component. Panchromatic spectra at early
times can thus simultaneously show nebular and photospheric lines, probing both inner and outer layers of the
ejecta. We identify spectral lines not seen before in SN lax, including [Mg 11] 4.76 um, [Mg 11] 9.71 pm,
[Ne 11] 12.81 pum, and isolated O 1 2.76 pm that traces unburned material. Forbidden emission lines of all
species are centrally peaked with similar kinematic distributions, indicating that the ejecta are well mixed in
both SN 2024px1 and SN 2024vjm, a hallmark of pure deflagration explosion models. Radiative transfer model-
ing of SN 2024pxl shows good agreement with a weak deflagration of a near-Chandrasekhar-mass white dwarf,
but additional IR flux is needed to match the observations, potentially attributable to a surviving remnant. Sim-
ilarly, we find SN 2024vjm is also best explained by a weak deflagration model, despite the large difference
in luminosity between the two supernovae. Future modeling should push to even weaker explosions and in-
clude the contribution of a bound remnant. Our observations demonstrate the diagnostic power of panchromatic
spectroscopy for unveiling explosion physics in thermonuclear supernovae.
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1. INTRODUCTION

Type Iax supernovae (SN Iax; Foley et al. 2013),
also known as 02cx-like SN Ia after the class prototype
SN 2002cx (Filippenko 2003; Li et al. 2003), are a pecu-
liar subclass of thermonuclear SN that are characterized by
lower kinetic energies, luminosities, and velocities than the
“normal"” Type Ia supernovae (SN Ia) used in cosmological
analyses (see Jha 2017, for areview). SN lax exhibit a greater
diversity in observational properties than normal SN Ia, with
luminosities spanning over a factor 100 range in brightness,
from M, =—-12.7 mag for SN 2021fcg (Karambelkar et al.
2021) to Mp = —18.3 mag for SN 2012Z (Stritzinger et al.
2015), and line velocities at peak ranging from ~2000 to
~7000 km s! (e.g., Jha 2017).

A leading explosion model for SN Iax is the weak defla-
gration of a white dwarf (WD) with a near-Chandrasekhar
mass (Mcp), where the explosion is not powerful enough to
fully unbind the star and a remnant is left behind (Branch
et al. 2004; Jordan et al. 2012; Kromer et al. 2013; Fink
et al. 2014). These models have been shown to match the ob-
served light curves and spectroscopic evolution of relatively
high-luminosity SN Iax quite well (e.g., Magee et al. 2016;
Camacho-Neves et al. 2023; Maguire et al. 2023). SN 2012Z,
a SN Jax for which a He star companion was detected in
pre-explosion imaging (McCully et al. 2014), remains vis-
ible with a flux excess above the pre-explosion flux over
2500 days later (McCully et al. 2022; Schwab et al. 2025),
potentially signifying continuing emission from a bound
remnant. Furthermore, Maeda & Kawabata (2022) found
evidence in the ~500 day spectrum of the intermediate-
luminosity SN Iax 2019muj for an Fe-rich innermost ejecta
component that may have been ejected from the remnant via
energy input from radioactive decay of iron-group elements
(IGEs; similar to the remnant-driven wind theory from Shen
& Schwab 2017).

However, it is unclear whether deflagration models and
He-star companions can account for the heterogeneity of
SN Iax. Camacho-Neves et al. (2023) find that TARDIS
radiative transfer models based on the lowest-energy defla-
gration model from Fink et al. (2014) match observations of
SN 2014dt very well over the course of hundreds of days.
However, SN 2014dt is a fairly luminous SN Iax, making
it problematic to explain extremely low-luminosity SN Iax
such as SN 2008ha (Valenti et al. 2009; Foley et al. 2009),
SN 2010ae (Stritzinger et al. 2014), SN 2019gsc (Tomasella
et al. 2020), SN 2020kyg (Srivastav et al. 2022; Singh et al.
2023), and SN 2021fcg (Karambelkar et al. 2021). Lach
et al. (2022) explore a wide parameter space with their mod-
els, extending the brightness range somewhat lower, but not
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enough to explain the faintest objects. Kromer et al. (2015)
proposed the deflagration of a hybrid C/O/Ne WD (Meng &
Podsiadlowski 2014) as method of producing extremely low-
luminosity SN Iax. This model creates a transient with sim-
ilar luminosity to SN 2008ha, but its light curve evolution is
too rapid. Feldman et al. (2023) discuss that simulating low-
luminosity SN Iax events is difficult due to their sparse, slow,
and cool ejecta, which are highly sensitive to the simulation
parameters used.

Recently, Callan et al. (2024) introduced the effects of a lu-
minous central source (i.e., a remnant polluted by *°Ni defla-
gration ashes; Shen & Schwab 2017) into radiative transfer
calculations of model light curves and spectroscopy. They
found that the contribution of the remnant emission produces
a slower post-maximum light curve decline and enhanced
spectral continuum flux, improving the agreement between
models and the data, especially for intermediate- and low-
luminosity models.

SN Iax exhibit the unique characteristic that their opti-
cal spectra remain dominated by permitted line transitions
displaying a P-Cygni profile (for >500 days in SN 2014dt;
Camacho-Neves et al. 2023), indicating that densities stay
high and an optically thick photosphere persists to very late
times (Jha et al. 2006; Jha 2017). Camacho-Neves et al.
(2023) suggest that these permitted lines at late times may
arise from a remnant-driven optically thick wind (Shen &
Schwab 2017). Forbidden line emission, which signifies the
onset of the nebular phase in normal SN Ia at around 100 days
post maximum in the optical, do emerge in SN Iax over time;
however, they coexist with permitted lines, whereas the per-
mitted lines disappear in normal SN Ia. In low-luminosity
SN Iax, where the ejecta masses are lower and the ejecta
turn optically thin more quickly, forbidden lines emerge very
early (at ~ 430 days post maximum in SN 2020kyg; Singh
et al. 2023).

Traditionally, SN are observed over time to probe the SN
ejecta structure from outer to interior layers as the pho-
tosphere gradually recedes in the ejecta co-moving frame,
eventually becoming optically thin in all layers in the nebular
phase (although we note that some ultraviolet (UV) transi-
tions remain optically thick even at late epochs). Panchro-
matic spectra over a large wavelength range (e.g., UV to
IR), however, can reveal different layers of the ejecta at the
same time because the optical depth is frequency dependent
(Pinto & Eastman 2000). At MIR wavelengths, spectra are
expected to become optically thin much earlier, allowing us
to probe the interior layers in the MIR while the optical flux
still emerges from higher-velocity outer layers.

Recent JWST observations in the MIR of both normal and
peculiar SN Ia provide a new probe of progenitor and explo-
sion models (Kwok et al. 2023; DerKacy et al. 2023; Chen
et al. 2023; Siebert et al. 2024; Kwok et al. 2024; DerKacy
et al. 2024; Ashall et al. 2024). Spectral lines in the near-
infrared (NIR) and MIR are more isolated, making the contri-
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bution from individual lines easier to distinguish (e.g., Pinto
& Eastman 2000; Gerardy et al. 2007; Kwok et al. 2023).
Furthermore, while the optical and ground-based NIR wave-
lengths are dominated by emission lines from various ioniza-
tion states of mainly Fe, longer wavelengths (A > 2.5 pm)
host strong lines of Ni and Co ions, as well as intermediate-
mass elements (IMEs) such as Ne, S, Ar, and Ca.

Here, we present the first MIR spectra of SN Iax, with
JWST observations of the intermediate-luminosity SN Iax
2024px1 and the extremely low-luminosity SN Iax 2024vjm.
These spectra are also the earliest MIR spectra of any ther-
monuclear SN published to date, with phases ranging from
+11 to +42 days post maximum light. SN 2024pxl and
SN 2024vjm share significant NIR and MIR spectral similari-
ties to each other, and distinct differences from the MIR spec-
tra of other SN Ia (SN 2021aefx, normal Ia, Kwok et al. 2023;
DerKacy et al. 2023; Ashall et al. 2024; SN 2022xkq, 91bg-
like, DerKacy et al. 2024; SN 2022pul, 03fg-like, Siebert
et al. 2023; Kwok et al. 2024). These unique MIR spec-
tral features may point to distinct differences in the way
the WD explosion proceeds. For details on the discovery,
photometric evolution, and ground-based optical+NIR spec-
tral evolution of SN 2024pxl, see Singh et al. (2025) and
Hoogendam et al. (2025), and for SN 2024vjm, see Zim-
merman et al. (2025). In this work, we analyze the early
panchromatic (optical+NIR+MIR) evolution of SN 2024px1
and SN 2024vjm with an emphasis on MIR wavelengths
(hereafter A > 2.5 um).

2. OBSERVATIONS
2.1. JWST Data

The JWST data presented in this paper were ob-
tained through three JWST programs'. Three epochs of
NIR+MIR spectra of SN 2024pxl were collected as part of
JWST GO 5232 (PI L. A. Kwok) using the medium resolu-
tion Near-Infrared Spectrograph (NIRSpec) with the Fixed
Slit (FS) G395M grating and the Mid-Infrared Instrument
(MIRI) with the Low Resolution Spectrograph (LRS) slit
mode. These spectra were obtained on 13-Aug-2024, 23-
Aug-2024, and 13-Sep-2024, corresponding to +11, +21, and
+42 days post B-band maximum-light, respectively. One
NIR+MIR spectrum of SN 2024pxl was collected through
JWST GO 6850 (PI S. W. Jha) using the NIRSpec FS
G235M+G395M gratings and the MIRI Medium Resolution
Spectrograph (MRS) on 08-Sep-2024 at +37 days post B-
band maximum-light.

Our JWST observation of SN 2024vjm was executed
through JWST DD 6811 (PI L. A. Kwok) on 01-Oct-2024
at +12 days post B-band maximum-light using the NIRSpec
G140M+G235M+G395M gratings and MIRI MRS.

All NIRSpec grating data (G140M, G235M, and G395M)
were reduced using the standard automatic JWST pipeline
as obtained on the Mikulski Archive for Space Telescopes

! All JWST data is publicly available on MAST at DOI: 10.17909/vbq2-sg84

(MAST). Similarly, all MIRI/LRS data were reduced through
the automatic, standard JWST pipeline (available on MAST).

However, in comparing our LRS data of SN 2024pxl1 (at
+11, +21, and +42 days), to the MRS data of SN 2024pxl1 (at
+37 days), we find discrepancies between the wavelengths of
features < 7.5 pm. The LRS wavelength calibration has been
known to be inaccurate at the shortest wavelengths and ef-
forts have been made to address this issue; however, we find
that the wavelength solution is still not precise and suggest
future calibration observations of sources with clear spectral
features at <7.5 pum be taken contemporaneously with MRS
and LRS in order to correct the LRS wavelength calibration
to the MRS wavelength calibration.

In this work, we calibrate our +42 day LRS spectrum to
the +37 day MRS spectrum of SN 2024pxl, as there is mini-
mal velocity evolution of the SN emission lines within these
5 days. We then apply this correction to the +11 and +21 day
spectra of SN 2024px1. Additional details of our LRS wave-
length calibration correction are given in Appendix A.

The MIRI/MRS observations of SN 2024pxl and
SN 2024vjm were reduced through the same procedure, as
follows. First, we re-process the stage2 rrate.fits files
through the JWST pipeline to produce a single aligned data
cube containing Channels 1424344, using Section 3 of a
Github notebook developed by M. Shahbandeh?. Next, in-
stead of proceeding to the background subtraction section
of this notebook, we use the Github AstroBkglnterp note-
book developed by B. Nickson®. This background subtrac-
tion notebook is optimal for interpolating around the back-
ground of a point source and subtracting it off. Fortunately,
SN 2024px] and SN 2024vjm do not have complicated MRS
backgrounds and this routine works very well to isolate the
SN flux. We choose to truncate the MRS spectra of these
faint objects at 20 pm, as the noise in MRS/Channel 4 be-
comes too large for weak emission lines at these longest
wavelengths to be detected.

2.2. Ground-based Optical and NIR Data

All five epochs of JWST spectroscopy presented here are
greatly enhanced by contemporaneous ground-based optical
and NIR observations, allowing us to construct panchromatic
optical + NIR + MIR spectra (see Table 1). Figure 1 shows
these panchromatic spectra which span the wavelength range
0.35 um-20 pm. Singh et al. (2025) provide details on these
optical and NIR spectra. Some of the data come from the
Global Supernova Project (GSP).

For the JWST epochs of SN 2024pxl taken with NIR-
Spec/G395M + MIRI/LRS, there is a wavelength cover-
age gap between the ground-based NIR spectra and NIR-
Spec/G395M. We mangle the optical spectra to photometry,
and scale the NIR spectra to the optical spectrum. Without
NIR photometry, we are unable to mangle the NIR spectra so

2 https://github.com/shahbandeh/MIRI_MRS/blob/main/MRS_reductions.
ipynb
3 https://github.com/brynickson/AstroBkgInterp
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Figure 1. Panchromatic spectra of SN 2024pxl at +11, +21, +37, and +42 days post-Bmax compared to SN 2024vjm at +12 days post-Bmax-
Flux density is shown in an arcsinh scaling for display purposes over a large range, and each spectrum is offset for visual clarity. Each is a

combination of ground-based optical and NIR spectra with NIR and MIR spectra from JWST at similar phases. Details are given in Table 1.

the absolute flux calibration of the ground-based NIR spec-
tra is uncertain; none of the analysis presented here depends
sensitively on this.

The NIRSpec/G235M+G395M + MIRI/MRS observation
of SN 2024pxl1 at +37 days overlaps with the optical+NIR
VLT/XSHOOTER spectrum, so we scale the VLT data to
match the flux level of the JWST observations and splice the
two spectra together at 1.7 ym where the JWST data start.

For SN 2024vjm, we scale the optical spectra to pho-
tometry and combine and scale another optical spec-
trum from a few days later with better red coverage
to help span the wavelength gap between where the
NIRSpec/G140M+G235M+G395M spectrum starts.  Visu-
ally, these spectra appear in close agreement, so we do not
apply any further flux scaling.

3. SPECTRAL ANALYSIS

A distinctive characteristic of SN Iax spectra are their nar-
row line widths (~2000-7000 km s~' near peak), result-
ing from low ejecta velocities. These narrow lines allow
individual lines to be isolated more easily than in normal
SN Ia where, especially in the optical, the lines are blended.
Our JWST spectra of SN 2024px] and SN 2024vjm reveal a
plethora of spectral lines, arising from optically thick permit-
ted and optically thin forbidden transitions, which have never
been observed before. In this section, we present NIR and
MIR line identifications for SN 2024pxl and SN 2024vjm,
and qualitatively compare these SN to each other and JWST
observations of other SN Ia.

3.1. Line Identifications

Previous observations of thermonuclear SN at wavelengths
A > 2.5 pum at late times (Gerardy et al. 2007; Kwok et al.
2023; DerKacy et al. 2023; Kwok et al. 2024; DerKacy et al.
2024) show strong nebular emission lines in the MIR corre-
sponding to transitions to the ground-state or a low energy
level. Line identifications from MIR models are also given
by Blondin et al. (2023); DerKacy et al. (2024); Ashall et al.
(2024). We detect most of these MIR emission lines in our
JWST observations of SN 2024px1 and SN 2024vjm, as well
as additional lines which may be unique to SN Iax, and/or are
due to the earlier phases of the observations.

To aid in line identification of these complicated spectra,
we use an atomic line list generated from a CMFGEN (Hillier
& Dessart 2012) radiative transfer simulation based on the
lowest-energy pure deflagration model of Fink et al. (2014).
Information about this model is presented in Section 6, and
details of our line identification procedure can be found in
Appendix B. These line identifications may also be helpful
in securing uncertain optical line identifications.

Figure 2 and Figure 3 show our line identifications for
SN 2024pxI and SN 2024vjm, respectively. While some line
identifications (especially weaker features or those at earlier
epochs where velocities are higher and there is more line
overlap) should be regarded as tentative, we find that most
observed lines match well with our model line list. For clar-
ity, in the case where many lines contribute to a given feature,
we label only the dominant lines, determined by their relative
Sobolev equivalent width (EW).
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Date MJD Phase (d) Telescope / Instrument Wavelength range Program / PI
SN 2024px] Epoch 1
2024-08-13 605354 +11.3 JWST /NIRSpec / G395M  2.9-5 um JWST-GO-5232 /L. A. Kwok
2024-08-13 605354 +11.3 JWST /MIRI/LRS 5-14 ym JWST-GO-5232 /L. A. Kwok
2024-08-13  60535.6 +11.5 HCT / HFOSC 3900 — 9000 A HCT-2024-C3-P22 / D. K. Sahu
2024-08-14 60537.3 +12.7 SALT /RSS 3500 — 9000 A 2024-1-MLT-004 / L. A. Kwok
2024-08-14 605374 +12.8 NOT / ALFOSC 3500 — 9000 A 68-501/1J. Sollerman
2024-08-14 60537.3 +12.2 FTN/FLOYDS 3500 — 9300 A Global Supernova Project / D. A. Howell
2024-08-14 605374 +12.8 Lick / Kast 3500 — 9300 A 5474/ A. V. Filippenko
2024-08-12 605349 +10.3 IRTF / SpeX 0.92-2.4 um 2024B078 / A. P. Ravi
SN 2024pxl Epoch 2
2024-08-23  60545.0 +20.9 JWST /NIRSpec / G395M  2.9-5 um JWST-GO-5232 / L. A. Kwok
2024-08-23 605449 +20.8 JWST /MIRI/LRS 5-14 um JWST-GO-5232 /L. A. Kwok
2024-08-26  59548.0 +23.4 SOAR / TripleSpec 09-2.5um SOAR2024B-006 / A. P. Ravi
2024-08-23  60545.8 +21.2 FTN /FLOYDS 3500 — 9300 A Global Supernova Project / D. A. Howell
2023-08-23 605464 +21.8 NOT / ALFOSC 3500 — 9000 A 68-501 /7. Sollerman
2024-08-23 605459 +21.8 SALT /RSS 3500 — 9000 A 2024-1-MLT-004 / L. A. Kwok
2024-08-23  60546.1 +21.49 HCT / HFOSC 3900 — 9000 A HCT-2024-C3-P22 / D. K. Sahu
SN 2024pxl Epoch 3
2024-09-08 60561.4 +37.3 JWST / NIRSpec / G235M 1.7 -2.9 pm JWST-GO-6580/ S. W. Jha
2024-09-08 60561.4 +37.3 JWST /NIRSpec / G395M 2.9 -5 um JWST-GO-6580/ S. W. Jha
2024-09-08 605612 +37.1 JWST / MIRI/ MRS 5-28 um JWST-GO-6580/S. W. Jha
2024-09-05 60558.0 +33.9 VLT / XSHOOTER 0.3-2.5 um 114.27JL.001 / S. Blondin
2024-09-08 60562.5 +37.0 MMT / Binospec 3500 — 9000 A UAO-G200-24B / A. A. Miller
2024-09-08 60561.7 +37.1 Lick / Kast 3500 — 9300 A 2024B-S022 / R. J. Foley
SN 2024pxl Epoch 4
2024-09-13  60566.3 +42.2 JWST /NIRSpec / G395M  2.9-5 um JWST-GO-5232/L. A. Kwok
2024-09-13  60566.3 +42.2 JWST /MIRI/LRS 5-14 um JWST-GO-5232 /L. A. Kwok
2024-09-13  60566.6 +42.5 GTC / EMIR YJ+HK 093 -24 ym GTCMULTIPLE2A-24B / L. Galbany
2024-09-13  60566.7 +42.6 Lick / Kast 3500-9300 A 2024B-S022 / R. J. Foley
2024-09-14 60567.3 +43.2 FTN/FLOYDS 3500 — 9300 A Global Supernova Project / D. A. Howell
2024-09-14 60567.4 +43.3 ANU / WiFeS 3500 — 9300 A Australian Supernova Alliance
SN 2024vjm
2024-10-01 60584.6 +12 JWST /NIRSpec / G140M  0.97 - 1.7 pm DD 6811 | L. A. Kwok
2024-10-01 60584.6 +12 JWST /NIRSpec / G235M 1.7 -2.9 ym DD 6811 /L. A. Kwok
2024-10-01 60584.6 +12 JWST /NIRSpec / G395M  2.9-5 pum DD 6811 /L. A. Kwok
2024-10-02  60585.0 +12 JWST / MIRI/ MRS 5-28 um DD 6811 /L. A. Kwok
2024-10-01 60584.8 +12 SALT /RSS 3500-8000 A 2024-1-MLT-004 / L. A. Kwok
2024-10-05 60588.8 +16 SALT /RSS 8000-9300 A 2024-1-MLT-004 / L. A. Kwok

Table 1. Data used to create the panchromatic spectra in Figure 1.

3.1.1. NIR Co Il lines

Published NIR spectra are available for only a handful of
SN Iax (SN 2005hk, SN 2008ge, SN 2010ae, SN 2012Z,
SN 2014ck, SN 2015H, SN 2019muj, SN 2020udy Kromer
et al. 2013; Stritzinger et al. 2014, 2015; Tomasella et al.
2016; Magee et al. 2016; Barna et al. 2021; Maguire et al.

2023), but they all display prominent permitted Co II lines
from 1.5-2.5 pm when observed more than a week post peak.
Stritzinger et al. (2014) find that these Co II lines increase in
prominence in low-luminosity objects with the lowest veloc-
ities. SN 2024pxl and SN 2024vjm also display very clear
Co 11 lines. The JWST data of both SN at these epochs are
high S/N, and distinct P-Cygni profiles are detected. Normal
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Figure 2. Line identifications for SN 2024pxl1 from 1.0 to 20 pm. Permitted transitions are marked by yellow dashed lines, semiforbidden
transitions are marked by purple dashed-dotted lines, and forbidden transitions are marked by gray dotted lines. Only the most dominant lines

contributing to each feature are labeled.

SN Ia also display these Co lines, however, no clear P-Cygni
profiles are visible because the higher velocities cause them
to overlap and blend together.

3.1.2. OI Mgll, Sill, and Ca Il lines

Our JWST spectra of both SN 2024px] and SN 2024vjm
reveal and resolve several lines of permitted O 1, Ca 11, and
Si 11 in the 1.0-6.0 pm range. In particular, the wavelength
region from 2.5-3.0 um, accessible by JWST, hosts a cluster
of Ca 11 and O 1 lines. O 12.76 pm is strong and isolated in
both SN 2024px1 and SN 2024vjm; while some oxygen may
be the result of C burning, much of the oxygen in SN Iax is
thought to be pre-existing, so this line may be an excellent
tracer for unburned material in the ejecta.

Permitted O, Mg, Si, and Ca lines are stronger (relatively)
in SN 2024vjm than in SN 2024px], and several additional
lines appear between 5-6 pm in SN 2024vjm. The increased
prominence of these lines may suggest that SN 2024vjm has
a higher mass fraction of IMEs and/or be an effect of the
overall ejecta ionization state. We searched for signatures
of carbon in the NIR and MIR, but we do not find anything
convincing.

3.1.3. [Mg II] lines

We discover prominent lines at 4.76 and 9.71 pm in
SN 2024px] that fade rapidly over time and identify them
as forbidden [Mg 11]. These [Mg 11] lines arise from transi-
tions between highly-excited energy levels forming a recom-
bination sequence, with predicted wavelengths at 9.71, 6.94,
4.76, 3.09, and 1.86 um. These lines fade with time due to
the decreasing I11—1I recombination rate resulting from the
dropping densities and temperatures in the line-forming re-
gion. We detect these expected lines at 9.71, 4.76, 3.09, and
1.86 pm, although the 3.09 pm line is affected by line over-
lap, and the 1.86 um line is too weak to detect in SN 2024pxl1.
The line at 6.94 pm is dominated by, but may contaminate,
the [Ar 11] 6.98 um line.

Several additional weak emission lines in the MIR spec-
trum of SN 2024vjm also match with other [Mg 11] lines from
our model line-list that are expected to be extremely weak,
and we do not find compelling alternatives. We mark these
identifications as tentative in Figure 3 with question marks.
Improvements in explosion models, radiative transfer post-
processing, and potentially MIR atomic data are needed.
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Figure 3. Line identifications for SN 2024vjm from 1.0 to 20 pm. Permitted transitions are marked by yellow dashed lines, semiforbidden
transitions are marked by purple dashed-dotted lines, and forbidden transitions are marked by gray dotted lines. Only the most dominant lines
contributing to each feature are labeled. For comparison, SN 2024px] at +37 days is plotted in light teal.

3.1.4. Fading Ni Il and [Ni Il1] lines

We find several lines between 3-5 um that also drop in
strength over time in SN 2024pxl. The strongest lines in
our model list at these wavelengths correspond to permit-
ted Ni II and Fe 11, and forbidden [Ni 111] and [Co 111] lines.
Permitted lines are expected to fade over time as the ejecta
expand, but fading IGE forbidden lines are more surpris-
ing. Radioactive decay may partially contribute to the fad-
ing Ni lines; however, the forbidden emission from Ni lines
at >5 pm instead grows. These fading lines arise from tran-
sitions between excited states higher than the MIR ground-
state transition forbidden lines. These energies are lower than
those of the [Mg 1I] transitions above. These lines may fade
over time due to their somewhat higher energies (assuming
these lines are thermally excited), or it may be attributed to
a shift in ionization state seen in the MIR where the ratio of
[Ni 11]/[Ni 111] increases early on (see Section 5.5 for addi-
tional discussion).

We note that in this 3-5 pm region, permitted and forbid-
den lines of Fe II appear to coexist. The Ni I1 and Co II lines
in this region are predominantly permitted, while the Ni III
and Co 11T lines are predominantly forbidden. Comparison

to detailed modeling may be able to place constraints on the
densities present in the ejecta, but is beyond the scope of the
current work.

3.2. Spectral Comparisons
3.2.1. SN 2024pxl vs. SN 2024vjm

SN 2024pxl is an intermediate-luminosity SN Iax with
a peak absolute magnitude Mp = —16.10 mag (Singh et al.
2025), while SN 2024vjm is ~3 mag fainter at Mg ~
—13 mag. Despite their large difference in luminosity, their
early panchromatic spectra display many similarities. As
seen in Figure 1, the +12 day panchromatic spectrum of
SN 2024vjm closely resembles the +37 day panchromatic
spectrum of SN 2024px], particularly in the NIR region from
1-5 pm. In fact, SN 2024vjm at +12 days is spectroscopi-
cally more similar to the +37 day spectrum of SN 2024px1
than it is to the +11 day spectrum of SN 2024pxl, indicating
that the extremely low-luminosity SN 2024vjm transitions to
the nebular phase more quickly.

This is in line with observations of other low-luminosity
SN Iax which display emerging forbidden lines in their opti-
cal spectra as early as ~ 430 days (Singh et al. 2023). These
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Figure 4. Comparison of the MIR spectra of normal SN Ia 2021aefx (Kwok et al. 2023), 91bg-like SN Ia 2022xkq (DerKacy et al. 2024), and
the SN Iax 2024pxI] and 2024vjm. Notably, the SN Iax IME profiles are centrally peaked indicating well-mixed ejecta, whereas SN 2021aefx
and SN 2022xkq IME profiles (particularly [Ar 11] 6.89 pm, and [Ar 111] 8.99 um) are flat-topped indicating stratified ejecta.

objects likely transition to the nebular phase earlier due to
lower specific kinetic energy (KE /Mej), with derived ejecta
masses of ~0.1-0.5 M (e.g., Foley et al. 2009; Valenti et al.
2009; Stritzinger et al. 2014; Tomasella et al. 2020; Srivastav
et al. 2022; Singh et al. 2023; Karambelkar et al. 2021).

Several differences between the spectra of SN 2024pxI and
SN 2024vjm are apparent as well, the most obvious being
that the lines are narrower in SN 2024vjm. This corresponds
to lower velocities (~8000 vs. ~3000 km s~!, respectively,
for forbidden lines) and a narrower line-forming region, in-
dicative of a steeper density profile or a density drop-off.
Line velocity measurements are presented and discussed in
Section 4.4 and Section 5.4. The overall ionization state
of SN 2024vjm is also lower than in SN 2024pxl. This
is seen most clearly in the MIR wavelength region, where
doubly and triply ionized species such as [Co I11], [Ar II1],
[Ni 1v], and [Co 1V] are extremely weak or not detected.
Finally, of particular interest, is the increased prominence
in SN 2024vjm of low- and intermediate- mass elements
(LMEs, IMEs) such as O 1, Mg 11, [Mg 11], Si 11, and Ca II.
This may point to an enhanced ejecta mass fraction of un-
burned material, LMEs, and IMEs in lower-luminosity ob-
jects.

3.2.2. Comparison to SN Ia

Figure 4 compares the MIR spectra of the normal SN Ia
2021aefx (Kwok et al. 2023) and the 91bg-like SN Ia
2022xkq (DerKacy et al. 2024) to the SN Iax MIR spectra.
Note that in this work we re-reduce the MIRI/MRS spectrum
of SN 2022xkq presented by DerKacy et al. (2024) (obtained
through program JWST-GO-2114, PI C. Ashall, and publicly
available on MAST) through the same process as the MRS
spectra of SN 2024pxl and SN 2024vjm described in Sec-
tion 2.1, which improves background subtraction. We cau-
tion that the phases of these observations of SN 2021aefx and
SN 2022xkq (+255 and +114 days, respectively) are much

later than the early phases of our SN Iax observations. How-
ever, they are the closest comparisons currently available.
Planned future late-time observations of SN 2024px] through
JWST-GO-6580 will be a better comparison to the nebular
MIR spectra of SN 2021aefx and SN 2022xkq.

Like all MIR spectroscopy of thermonuclear SN to date,
SN 2024pxl and SN 2024vjm exhibit forbidden-line emis-
sion from ground-state transitions such as [Ni II] 6.64 pm,
[Ar 11] 6.98 pm, [Ni1r] 7.35 pum, [Co 11] 10.52 pm,
and [Co 111] 11.89 pum. In contrast to SN 202laefx and
SN 2022xkq, SN 2024pxl and SN 2024vjm lack strong
emission from ions with high ionization energy such as
[Ca 1v], [Ar 111], and [S 1V]. This is even more pronounced
in SN 2024vjm where [Ar 111] 8.98 pum, [Ni 1v] 8.41 um,
[Ni 111] 11.0 em, and [Co 111] 11.89 pum are extremely weak,
or not detected.

The SN Iax spectra also differ from SN 2021laefx and
SN 2022xkq in that they exhibit [Ne 11] 12.81 ;sm emission.
Kwok et al. (2024) detect strong, broad, centrally-peaked
[Ne 11] 12.81 pm in SN 2022pul and interpret it as a signa-
ture of a violent merger, with the caveat noted by Blondin
et al. (2023) that pure deflagrations can also mix Ne into
the central ejecta. In the context of other observables for
SN 2022pul, a pure deflagration was disfavored. Here, how-
ever, the centrally-peaked [Ne 11] 12.81 pm line is much nar-
rower, and given other contextual SN properties, we find that
its presence points toward a pure deflagration model, further
discussed in Section 6.

The flat-topped line profiles (originating from a thick
shell emitting geometry) of the IMEs in SN 202laefx
and SN 2022xkq, specifically the [Ar 1] 6.98 pum,
[Ar 111] 8.98 pm, and [Ca 1V] 3.26 pm lines, are hallmarks
of explosions involving detonations, such as delayed- or
double-detonations (Kwok et al. 2023; DerKacy et al. 2023;
Blondin et al. 2023; Kwok et al. 2024; DerKacy et al. 2024;
Ashall et al. 2024). In SN 2024pxl and SN 2024vjm, we ob-
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serve that forbidden emission lines of both IGEs (e.g., [Ni 11],
[Co 111], etc.) and IMEs (e.g., [Ar 11], [Ne 11], [Mg 11]) are
centrally peaked. This is not just an effect of the differing
phase — as more interior layers are revealed over time, we an-
ticipate that the line profiles will only become more peaked
(assuming the ionization state does not change significantly).
This indicates that the ejecta are mixed, rather than stratified,
consistent with pure deflagration or violent merger models
(see Section 6).

SN 202laefx displays the broadest features while
SN 2024vjm has the narrowest. At peak absolute magnitude
Mp =-18.01 mag, SN 2022xkq is a member of the sublu-
minous 91bg-like SN Ia subclass (Pearson et al. 2024), mak-
ing it comparable in luminosity to high-luminosity SN Iax.
SN 2022xkq and SN 2024pxl have roughly similar Co line
widths, but SN 2022xkq has broader Ar emission, and nar-
rower Ni emission. A fairer comparison of line widths be-
tween objects will be possible with later time JWST observa-
tions of SN 2024pxI that will be more similar in phase.

4. PERMITTED LINES

At the early phases of our JWST observations of
SN 2024px] and SN 2024vjm, the optical spectra are still
dominated by optically thick permitted lines displaying a

clear absorption component (P-Cygni profile) characteristic
of the photospheric phase. From around 1-2.5 pm, the NIR
is also dominated by optically thick permitted lines, mainly
Fe 11 and Co 11. Between 2.5-6 pum, a transition occurs
where forbidden lines begin to emerge, coexisting with per-
mitted lines. In this wavelength range, some permitted lines,
such as O 1 2.76 pum, do not appear to display an absorp-
tion component, indicating they may be optically thin. At
wavelengths longer than ~6 um, the spectrum instead be-
comes dominated by forbidden emission. Figure 5 compares
the line profiles of SN 2024pxI at +37 days and SN 2024vjm
at +12 days, in velocity space, of some selected, relatively
isolated permitted lines.

4.1. O I Line Profiles

Zooming in on the line profiles of O 1 2.76 um and
O 1 2.89 um (Figure 5, left), we find that these lines have
similar widths between SN 2024pxl and SN 2024vjm (al-
beit at different phases), but the peaks are blueshifted and
redshifted, respectively, by ~500 km s~!. Within each SN,
the O 1 lines are consistent in shape, width, and kinematic
offset. These permitted O I lines do not display a P-Cygni
profile, and do not appear to be significantly contaminated
by lines where a blueshifted absorption component might be
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Figure 6. Qualitative schematic showing that the O 1 line morphol-
ogy in SN 2024px] may reflect predictions from Fink et al. (2014) of
weak one-sided deflagrations. The base O I emission (yellow, dot-
ted lines) likely arises from the inner O-rich region (<5000 kms™").
The unburned channel (magenta, dashed lines) results from incom-
plete burning, and may correspond to the off-center narrow peak of
the O 1 emission. Right panel adapted from the N20def '°O of Fig-
ure 9 from Fink et al. (2014).

expected, indicating that these lines are likely optically thin.
In SN 2024vjm, the O I line morphology is centrally peaked
and relatively symmetric, similar to the morphology of lines
from other ions. The O I lines in SN 2024pxl, however, have
an asymmetric morphology with a narrow blueshifted peak
and a broad red shoulder.

This type of morphology can arise from an ejecta geometry
with large-scale clumping, a single massive blob, or a unipo-
lar jet (Taubenberger et al. 2009). The distribution of oxy-
gen in thermonuclear SN is particularly important because it
traces unburned material, although simulations indicate that
a non-dominant fraction of it can also be a product of C-
burning. Fink et al. (2014) find that their 3D hydrodynami-
cal deflagration models with low numbers of ignition points
can cause a one-sided deflagration that extinguishes before
the burning wraps around the whole star, leaving behind a
channel of unburned material. Furthermore, in their mod-
els with fewer than 10 ignition points, an asymmetric shell-
like structure is imprinted onto the ejecta structure from the
shock generated when the rebounding core hits outer layers
that are still falling inward after the deflagration ceases and
the bound parts contract. This unburned channel and shell
can be best seen in the N20def model in their Figure 9 (Fink
et al. 2014), but they note this channel is also present in sev-
eral other models with <40 ignition points.

We suggest that the O I line morphology in SN 2024pxl1
could reflect this predicted unburned structure, with a broader
base emission component representing the inner O-rich re-
gion (<5000 km s™'), and the narrow component represent-
ing the channel. The shell structure is likely at too high ve-
locity (~5000 to 10,000 km s~') and low density to be de-
tected in the emission profile. A qualitative schematic of
this is shown in Figure 6. We note that the single ignition
point N1def model compared to later in this work (see Sec-
tion 6) does not show this unburned channel structure (Fink
etal. 2014). However, the bright, moderately bright, and faint
models of Lach et al. (2022) shown in their Figures 6 and 7

each exhibit a channel structure of unburned material. If the
narrow blue peak seen in the O 1line emission in SN 2024pxl
is indeed indicative of an unburned channel of material, then
future observations of this line in SN Iax may show narrow
components at various kinematic offset, depending on the lo-
cation of the unburned channel along the line-of-sight. The
line profile of SN 2024vjm suggests that its explosion may
have been more symmetric, or could be an effect of viewing
angle.

4.2. IME Line Profiles

The middle panel of Figure 5 shows relatively isolated per-
mitted lines of Si II and Ca 11, which we select to represent
the bulk of IMEs. The Ca and Si emission in SN 2024px1
is very weak, but similar in width to the same lines in
SN 2024vjm (though the phases are different). Like the
O 1 lines, the peaks of these lines are slightly redshifted in
SN 2024vjm and slightly blueshifted in SN 2024pxl. Ca 11
and Si 1I do not appear to have the same asymmetric profile
as O 1, lacking the broad red shoulder.

In SN 2024vjm, Ca 11 2.71 um displays a P-Cygni profile,
with photospheric absorption velocity vphor ~ —1200 km s
Other Ca 11 lines are more blended, making it difficult to dis-
cern, but Ca 11 1.885 pm may also show absorption. The
absorption components of the P-Cygni profiles for Si II in
SN 2024vjm are not clearly observed, probably due to the
blending of nearby weak lines. No absorption component is
observed for the Ca 11 2.71 pm line in SN 2024pxl, although
it is unclear whether this is due to the weak line strength or if
this permitted line is optically thin.

4.3. IGE Line Profiles

Both SN 2024pxl and SN 2024vjm exhibit rich photo-
spheric Co 11 line structure in the NIR. Figure 5, right, dis-
plays the most isolated of these lines, Co 11 2.46 um. Both
SN exhibit clear P-Cygni profiles, with vpper ~ —3000 km 57!
for SN 2024pxl1 and vphor ~ —1500 km s~! for SN 2024vjm.
Ni 11 2.85 pm and Ni 11 3.45 um are also relatively isolated
permitted IGE lines in both SN, although they do not dis-
play an obvious P-Cygni absorption component. This may
be attributed to blending with nearby weaker lines, or these
lines may be optically thin. We find that within each SN, the
IGE element lines are consistent in width, kinematic offset,
and morphology with each other and also quite similar to the
properties of the LME and IME permitted lines. This seems
to indicate that the ejecta distributions of these different burn-
ing products are well mixed.

4.4. NIR Co II Velocities
4.4.1. Velocity measurement procedure

As described above, the Co II lines between 1.5-2.5 um
exhibit rich spectral structure and display the clearest P-
Cygni profiles. Other isolated permitted lines do not have
as prominent an absorption component. Photospheric veloc-
ities are measured from the trough of this absorption com-
ponent (see Singh et al. 2025 for optical line velocities of
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Figure 7. Photospheric NIR Co 11 velocity and width measurements for the absorption component of the P-Cygni profile and their evolution.

The dotted line represents an outer velocity edge of the ejecta where vouer = Vphot + FWHMphor.

SN 2024pxl), so here we measure photospheric velocities
from the Co 11 lines. This measurement reflects the photo-
sphere of the Co-rich part of the ejecta. We perform this anal-
ysis on all of the NIR spectra presented by Singh et al. (2025),
except for the earliest two which do not yet display clear NIR
Co 11 lines, as well as the JWST spectrum at +37 days which
covers 1.7-2.5 pm.

We model the P-Cygni profiles as a composite of two
Gaussians, a negative one for the absorption and a positive
one for the emission components of the profile. Using our
Nldef model line list for lines and relative strengths of all
Co 11 lines in the 1.5-2.5 pum region, we model every Co 11
line with this “P-Cygni” double-Gaussian profile and sum the
contribution from each individual line to create a model for
the Co 11. We constrain the widths and velocities of the ab-
sorption and emission Gaussians to be the same for all lines,
and then fit this model to the data.

We measure the photospheric velocity in this way to ac-
count for contributions from weaker nearby lines, which
blend with the strongest lines and shift where the minima
of the absorption troughs appear. Especially at wavelengths
shorter than 2.0 um, there are many permitted lines with ab-
sorption components that overlap (note that Figure 2 and Fig-
ure 3 only label the strongest lines in this region), so the
most accurate photospheric velocity measurements will be
made when fitting all contributing Co 1I lines simultaneously.
For individual lines, the Co 11 2.46 pm line is the most iso-
lated, especially in SN 2024vjm, but it is only resolved in the
JWST data as it is very close to the ground-based NIR limit
of ~2.5 pm.

The photospheric velocity is expected to vary as a func-
tion of wavelength, because the optical depth changes. Thus,
fitting all Co 1I lines across a large wavelength range may
introduce uncertainties into the photospheric velocity mea-
surement as it optimizes for a single velocity for all lines.
We explore fits across several wavelength ranges within 1.5—
2.5 pm and find general consistency, with any change in
photospheric velocity over wavelength being relatively small.
We therefore choose to measure Co 1I velocities between 1.5-
1.85 pm because it covers two clusters of strong Co II lines
and has higher S/N in the ground-based spectra. All fits are

done on the unbinned spectra. To conservatively determine
uncertainties, we generate 100 perturbed (noise added) real-
izations of the original spectrum (adopting S/N ~ 5) and take
the standard deviation of the fit parameters as our uncertainty
estimate.

4.4.2. Co Il velocities and FWHM

Figure 7 shows our Co II velocity measurements for
SN 2024pxl and SN 2024vjm, and values can be found in
Table 2. As expected, SN 2024vjm displays narrower line
widths and lower photospheric velocities than SN 2024pxl,
at all epochs. In SN 2024pxl, the photospheric velocities de-
crease over time as the ejecta expands and dilutes and the
spectrum-forming region recedes to more interior layers. In
the optical, the Si II velocities drop to ~2400 km s~! by
+5 days, whereas the Co 11 velocities are much higher, at
~4000 km s~! at +10 days (Singh et al. 2025). This reflects
the composition inversion and mixing expected in pure de-
flagrations (Phillips et al. 2007). Our velocity measurements
are roughly consistent with those of Singh et al. (2025), mea-
sured by directly fitting the absorption trough, rather than
fitting all lines to account for line blending. Singh et al.
(2025) show that the Fe 11 and Co 11 photospheric veloci-
ties are higher than those of Si 1. Stritzinger et al. (2015)
and Tomasella et al. (2016) find relatively good agreement
between optical Fe and NIR Co velocity measurements.

The FWHM of the absorption component shows an in-
creasing trend with time. This may indicate the growth of
the Co 1I line-forming region, assuming the greater part of
the ejecta has similar Co abundances and constant/slowly de-
creasing temperature, which may be an effect of ionization
changes. As photospheric velocity (vphot) declines and width
(FWHM) increases, the sum of these velocities (Voyer) Stays
roughly constant, between ~5000-6000 km s~'. The left
panel of Figure 7 shows this trend, where the line showing
a constant Voyer =5600 km s loosely follows the data. This
may imply that there is an outer edge (Vouer) in the emitting
region representing a drop in density. If this is the case, all
lines should be affected; however, in practice this is diffi-
cult to measure for other lines which are more blended or
do not display a clear P-Cygni profile. More data should be
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Figure 8. Comparison of selected relatively isolated forbidden emission lines in SN 2024pxl at +37 days (teal) and SN 2024vjm (pink) at
+12 days. The low opacity lines show the unbinned data. The spectra have not been scaled or offset.

collected at earlier and later phases and in other SN Iax to
confirm this trend.

5. FORBIDDEN LINES

At the early phase of +11 days, we observe forbidden
emission at wavelengths A 2 3 pum in both SN 2024px]
and SN 2024vjm. Other low-luminosity SN Iax have ex-
hibited forbidden emission in their optical spectra at early
times ~ 430 days (Singh et al. 2023), but they never go fully
nebular (Jha et al. 2006). Permitted lines displaying a P-
Cygni profile still dominate the optical spectra for >500 days
(Camacho-Neves et al. 2023). In our JWST observations, we
see permitted and forbidden lines intermingling between 3—
6 pum, but we do not observe permitted lines at A > 6 pm.
A continuum is observed beneath the emerging MIR forbid-
den lines at longer wavelengths. This continuum fades over
time in SN 2024pxl, which, in conjunction with the increas-
ing line strength of the MIR forbidden lines, we interpret as
the ejecta transitioning to increasingly optically thin at MIR
wavelengths. This MIR transition to being dominated by for-
bidden emission lines occurs at much earlier times than in
the optical for normal SN Ia. In Figure 8, we compare the
line profiles of SN 2024px] at +37 days and SN 2024vjm at
+12 days, in velocity space, of several important forbidden
lines.

5.1. LME and IME Line Profiles

The most prominent and isolated low-mass element (LME;
C, O, Ne, Mg) and IME forbidden lines in SN 2024pxl
and SN 2024vjm are [Mg 11] 4.76 pm, [Ar ] 6.98 um,
and [Ne 1] 12.8 um, shown in Figure 8, left. The over-
all ionization states of the SN Iax ejecta are lower than ob-
served in SN 2021aefx, SN 2022xkq and SN 2022pul, so
the [Ar 111] 8.99 um and [Ca 1V] 3.26 pm lines which were
strong in these objects are very weak or not detected in the
SN Iax. In this work, we group C, O, Ne, and Mg as LMEs
because O, Ne, and Mg are products of carbon burning,
and/or could be unburned material in the case of an O/Ne
or O/Ne/Mg WD progenitor.

The line velocity profiles of SN 2024vjm show remarkable
agreement in morphology between Mg, Ar, and Ne, each
exhibiting a centrally peaked but slightly asymmetric mor-
phology that leans toward the redshifted side. This morphol-
ogy is also roughly consistent with that of permitted O I. In
SN 2024px], these same line profiles have a more blueshifted
peak compared to SN 2024vjm, and are somewhat broader.
The MRS data are somewhat noisy and there may be more
contamination from line overlap in SN 2024pxl; however, it
appears that Mg, Ar, and Ne are not as smoothly peaked and
may show signs of clumping in the ejecta. Interestingly, the
[Mg 11] 4.76 pm line profile in SN 2024pxl is nearly flipped
compared to the O I profiles, with a peak on the redder side
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Figure 9. Evolution of Mg, Ni, and Co forbidden emission line profiles of SN 2024pxl at +11, 421, +37, and 442 days. For lines at wavelengths
>5 pm, spectra from the different epochs are offset for clearer comparison.

and a bluer shoulder. The absence of a narrow feature at the
same velocity as in O I is consistent with the predictions of
Fink et al. (2014) of an unburned O channel and suggests
that most of the Mg in SN 2024pxl is likely a product of C
burning.

In both SN, the profiles exhibit slight asymmetries devi-
ating from a smooth Gaussian, suggesting variations from
a spherical geometry which might arise from bulges, bub-
bles, or clumps in the ejecta. Most importantly, the central
peak of these profiles indicates that the LMEs and IMEs must
be located in the central regions of the ejecta. This is in
direct contrast to the flat-topped morphologies observed in
SN 2021aefx and SN 2022px] at late-times (i.e., the lines are
optically thin) for Ar and Ca lines, implying that the SN ITax
ejecta is chemically well-mixed rather than stratified. As we
discuss further in Section 7, a mixed ejecta structure is a sig-
nature of a deflagration.

5.2. IGE Line Profiles

In SN 2024pxl, the IGEs have a smoother and more sym-
metric distribution than the IMEs (see Figure 8, middle and
right, but note that the IGE lines are stronger and have higher
S/N, which may contribute to them appearing smoother). The
[Ni 11] 6.64 ppm and [Co 11] 10.52 pm line profiles (taking
into account the [Ni 1] 10.67 pm line on the red side of
[Co 11]) are marginally thinner and blueshifted compared to

the higher ionization [Ni 111] 7.35 pm and [Co 111] 11.89 um
line profiles. Narrower widths are expected for lower ion-
ization states of IGEs: the densest inner regions of the ejecta
make recombination more favorable, producing lower ioniza-
tion states. The slight blueshift of these singly ionized lines
relative to the doubly ionized lines may hint at a small off-
set in the ejecta distributions. Alternatively, the inner regions
with a lower ionization may not be fully optically thin yet,
and some of the redshifted side of the ejecta might still be
obscured. In SN 2024vjm, the IGE profiles are somewhat
narrower than the LME and IME profiles.

Although MIR IGE emission in SN 2024pxl is relatively
strong compared to LME and IME emission, the relative
strength of IGE emission to LME and IME emission in
SN 2024vjm is significantly lower. The middle and right pan-
els of Figure 8 show that in SN 2024vjm, [Ni 11] 6.63 pm and
[Co 11] 10.52 pum (which is more isolated in SN 2024vjm due
to the lower velocities) are consistent in morphology with
the LMEs and IMEs, and that the ionization is lower than
in SN 2024pxl. In fact, [Co 111] 11.89 pm is only weakly
detected in SN 2024vjm, and the [Ni 111] 7.35 pm line is
only half the strength of a new neighboring line at 7.45 pum
which we tentatively identify as [Mg 11] 7.45 pm. This
[Mg 11] 7.45 pm line is not present, or does not contribute
significantly, in SN 2024pxl. It is difficult to say from the
observations alone whether this difference in relative strength
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Figure 10. Left: FWHM vs. kinematic offset, voir, of MIR forbidden emission lines of SN 2024pxl at +42 days and SN 2024vjm at +12 days.
Heavy crosses represent the uncertainty weighted average of all lines, and shaded regions represent the standard deviation. Middle: Evolution

of the bulk motion in SN 2024pxl (teal), which remains constant, and the Ar lines, which show an ionization offset. Right: Forbidden line
profiles of [Ar I1] (medium gray, thick line width), [Ni 1] (light gray), and [Ne 11] (black, thin line width) with color panels showing the
average FWHM and standard deviation. The lines have similar profile shapes and widths, indicating the ejecta are well-mixed.

of the IGE emission in SN 2024vjm is due to a smaller mass
fraction of IGEs versus LMEs and IMEs produced in the ex-
plosion, or whether it is fully or partially due to the difference
in phase of the observations.

5.3. Line-Profile Evolution in SN 2024pxl

Figure 9 shows the evolution of several quite isolated
lines in SN 2024pxl which change significantly. The ear-
liest spectrum of SN 2024pxl exhibits prominent lines of
[Mg 11] 4.76 pm and [Mg 11] 9.71 pum. The left panel of Fig-
ure 9 displays how these lines decrease in strength, width,
and kinematic offset over time. [Mg 11] 9.71 pm is not de-
tected above the noise in the +37 day MRS spectrum, so
we omit this epoch, but it is still weakly detected in the
higher S/N LRS spectrum at +42 days. These two [Mg I1]
lines appear to evolve consistently with each other, although
[Mg 11] 9.71 pum appears slightly narrower with a lower peak
kinematic offset in the second epoch. These fading lines are
consistent with dropping densities and temperatures resulting
in decreasing recombination rates.

[Ni 111] 3.80 pwm evolves similarly to the [Mg 11] lines, fad-
ing, narrowing, and slowing. However, unlike the [Mg 11]
lines which result from recombination, this [Ni I1I] line is
collisionally excited. One of the more prominent lines in the
3-5 pum region in the first epoch, this line is only a small
bump by the last epoch. As mentioned in Section 3.1, these
disappearing forbidden IGE lines arise from transitions be-
tween excited states. In comparison, the MIR IGE emission
lines arising from low-lying transitions to the ground state
(which can be collisionally excited) such as [Ni 1I] 6.63 um,
[Ni 11] 7.35 pm grow in strength (see Figure 9, middle
and right). Non-thermal excitation is subdominant here, so
these higher energy level transitions decrease over time with
the ejecta densities and temperatures. Instead, lower-energy
transitions to the ground state begin to dominate. We note,
however, that this effect on the observed fading forbidden
IGE lines may be degenerate with a decrease in ionization

state.

The [Co 11] 10.52 um and [Co 111] 11.89 pum emission
are fairly isolated (the red side of [Co II] 10.52 um is
slightly contaminated by a weaker [Ni 11] 10.68 pm line)
in SN 2024pxl, as well as decently well resolved. Figure 9
shows the emergence of these strong MIR forbidden Co lines
over time. [Co I1] 10.52 pum at +12 days is relatively flat
above the continuum with FWHM ~ 8,500 km s~!, indi-
cating that Co is not yet fully optically thin and the line-
forming region is at v 28,500 km s™'. By +22 days, we
are seeing deeper into the blueshifted side of the ejecta,
while the slanted slope for v > 0 km s™! indicates the red-
shifted side is still partially obscured. The line appears to be
mostly optically thin by +42 days, where we see a peaked,
symmetric profile. [Co 1] 11.89 pum evolves similarly, al-
though the data in this line suffer from more noise at the
long-wavelength end of LRS. The resolution at short wave-
lengths in LRS is poor so subtle changes in the shape of the
[Ni 1] 6.63 pm and [Ni 111] 7.35 pm lines cannot be deter-
mined, but they appear to behave consistently with the Co
lines.

5.4. Forbidden-Line Velocities

To measure velocities from the line profiles, we first iso-
late the lines themselves by subtracting the lingering thermal
continuum (likely from the contribution of a remnant, not
from the SN ejecta) at each epoch. Following the procedure
described by Kwok et al. (2024), we use our N1def model
line list (introduced in Section 3.1 and further discussed in
Section 6) to set the expected flux ratios between lines of the
same ion and fit all lines between 5-14 pm for LRS epochs
and 5-20 um for MRS epochs. These lines are fit simulta-
neously, requiring that all lines from the same ion have the
same FWHM and kinematic offset (vo¢). Uncertainties are
estimated using the same procedure as in Section 4.4. The
uncertainties in the measurements from the +37 day MRS
spectrum are smaller due to the much higher resolution. Un-
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certainties in the LRS wavelength solution in addition to the
low resolution contribute to large uncertainties.

5.4.1. SN 2024pxl velocities

Figure 10 shows our measured values of kinematic off-
set (voir) and FWHM for SN 2024pxl at the final epoch
(+42 days) when the ejecta is mostly optically thin (left
panel). All measured values are given in Table 3. Most
of these measurements change only marginally over time,
except for the [Mg 11] 9.71 pm line, which narrows. The
middle panel shows that the bulk kinematic velocity (teal),
obtained by averaging all measured lines weighted by their
uncertainty, stays flat at ~1000 km s™!. The IGE velocities
cluster around this bulk motion. The Ar lines, however, start
offset from the bulk motion and gradually converge toward
it, and display an ionization stratification where [Ar III] is
redshifted but [Ar 11] is blueshifted. This offset, especially in
the first epoch, is significant; however, given the LRS wave-
length uncertainty at the [Ar 11] 6.98 um line, and poten-
tial contaminating line overlap from [Mg 11] 6.94 ym and
[Ni 11] 6.92 pm, it is difficult to discern if this represents
a physical difference in the ejecta and what process would
create it. The right panel of Figure 10 shows that [Ar 11],
[Ni 11], and [Ne 11], representative of the IMEs, IGEs, and
LME:s, all have similar profiles and FWHM, indicating that
the ejecta are well-mixed. If the ejecta were highly stratified,
these measurements should instead show offsets in FWHM,
such as that seen between the Ar lines versus the IGEs in
SN 2021aefx (Kwok et al. 2023).

Fink et al. (2014) find that offsets in the deflagration ig-
nition (i.e., off-center explosions) produce bound remnant
velocity kicks on the order of tens of km s!, while Lach
et al. (2022) find kicks velocities on the order of a few hun-
dred km s™!. These are consistent with the bulk motion of
SN 2024pxI.

5.4.2. SN 2024vjm velocities

We measure velocities for the MRS spectrum of
SN 2024vjm, out to 16 pum where the data are still high
enough S/N, in a similar way as described above for
SN 2024pxl. However, as discussed in more detail in Sec-
tion 6, the N1def model from Fink et al. (2014) differs sig-
nificantly in terms of predicted *°Ni and ejecta masses com-
pared to observations of extremely low-luminosity SN Iax
such as SN 2024vjm. Thus, we fit individual lines sep-
arately, rather than enforcing predicted line ratio strengths
that are calculated based on the density and temperature
of the Nldef model, which is likely significantly different
than that of SN 2024vjm. We do fit [Mg 11] 7.45 pum to-
gether with [Ni 111] 7.35 pm, and [Co 11] 10.52 pm with
[Ni 1] 10.67 pm, as these lines are close to each other and
we want to account for line blending. All other lines in
SN 2024vjm are isolated enough to fit alone. The values of
these measurements can be found in Table 4.

By taking the uncertainty-weighted average of the param-
eters of all measured lines, we find SN 2024vjm has a bulk
kinematic offset of ~250 km s~! and narrower lines with
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Figure 11. Evolution of the ratios between the flux density F, at
peak of the most prominent MIR Ni and Co lines in SN 2024pxl.
The continuum was subtracted before measuring the value of the
peaks.

FWHM ~ 3600 km s!. Similar to SN 2024pxI, the right
panel of Figure 10 shows that the IMEs, IGEs, and LMEs
display similar line profiles and widths consistent with well-
mixed ejecta. No clear signs of separation or stratification are
detected.

5.5. Line-Strength Evolution in SN 2024pxl]

We also measure the flux density (F,) at the peak of
the prominent MIR forbidden lines in SN 2024pxl at each
epoch, after continuum subtraction. We measure peak fluxes,
rather than integrating line fluxes, because we can measure
these directly, while line overlap can contaminate widths
(especially in the [Co 11] 10.52 pm line which blends with
[Ni 11] 10.68 pm). These measurements are given in Ta-
ble 5, and uncertainties were calculated with a bootstrapping
method, similar to that described in Section 4.4. At these
early epochs, the change in forbidden line strength may be
attributed to a complex combination of factors, including a
change in composition from the decay of *Ni to °Co; the
contribution of flux from ejecta regions which were previ-
ously optically thick but become optically thin; and shifts
in ionization such that flux increases in some lines and de-
creases in others. Fully disentangling the individual effects of
these factors will likely require the aid of models. Nonethe-
less, we identify two trends in the evolving line strengths with
physical implications.

The ratio of [Ni I1]/[Ni 111] and [Co 11]/[Co 111] reflects the
changing ionization of the ejecta, since the ratio is between
different ionization states of the same element. Figure 11
shows that Ni and Co follow a similar ionization trend where
the ionization state decreases over the first three epochs and
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then begins to fall off again in the final epoch. This may re-
flect an increase in flux from more central regions that are
becoming optically thin, as the ionization is lower in the cen-
ter due to higher densities that can facilitate recombination.
However, the densities will continue to drop and eventually
recombination to [Ni IT] becomes less favorable.

Comparison along the same ionization state between dif-
ferent elements with the [Ni 11]/[Co 11] and [Ni 111]/[Co 111]
ratios can probe a change in composition in the emitting re-
gion. These ratios exhibit similar trends (see Figure 11). Ra-
dioactive decay should create an exponential decay; we see a
general decreasing trend, but it is not exponential. Our trend
suggests that emission from Ni drops, increases, then drops
again, relative to Co.

6. MODELS

High-luminosity SN Iax such as SN 2012Z (Stritzinger
et al. 2015), SN 2005hk (Phillips et al. 2007), and
SN 2020udy (Maguire et al. 2023; Singh et al. 2024), as
well as intermediate-luminosity objects such as SN 2002cx
(Li et al. 2003), SN 2014ck (Tomasella et al. 2016), and
SN 2019muj (Barna et al. 2021), are generally consistent
with existing deflagration models (Fink et al. 2014; Lach
et al. 2022) and constraints on companion stars (McCully
et al. 2014; Foley et al. 2014; Maguire et al. 2023). Fink
et al. (2014) parameterize the strength of their deflagration
models by the number of ignition points. More ignition
points produce a higher explosion energy, resulting in larger
ejected mass and higher Ni production that directly creates
higher luminosities. Lach et al. (2022) also find that their
variations on a single-ignition-point explosion form a one-
dimensional sequence where the main characteristic is the
mass of °Ni. Synthetic spectra calculated through the ra-
diative transfer code TARDIS, using density and abundance
profiles from the lowest energy deflagration model (N1def,
single ignition point) from Fink et al. (2014), match observa-
tions of SN 2014dt, a relatively luminous SN Ia, exception-
ally well even out to >500 days post-explosion (Camacho-
Neves et al. 2023).

However, it is difficult to explain the lowest luminos-
ity SN Iax such as SN 2024vjm. Several studies have at-
tempted to model low-luminosity SN lax (Kromer et al.
2015; Kashyap et al. 2018; Lach et al. 2022), but none have
been able to reproduce all their properties. In particular,
while some can roughly reproduce the small amounts of
synthesized *°Ni needed to match the peak luminosities of
low-luminosity SN Iax light curves, the resulting transients
evolve on a much faster timescale than is actually observed
in low-luminosity events such as SN 2008ha, SN 2010ae,
SN 2020kyg, and SN 2021fcg. The timescale is related to
the ejecta mass, so the models have lower ejecta masses
than calculated from the observations. For example, the
NS5def_hybrid model from Kromer et al. (2015) produces
roughly the right 3°Ni mass to match the observed luminosi-
ties (~3 x 107> M); however, it does not produce enough
total ejecta mass (0.014 M, vs. 0.15 M), causing the model
transient to fade far more quickly than the observations.

Alternatively, the lowest luminosity SN Iax may arise from
entirely different mechanisms. Karambelkar et al. (2021)
suggest that SN 2021fcg, the faintest observed SN Iax to-date
at M, ~ —12.7 mag, may have originated from the merger of
a carbon-oxygen (C/O) WD and an oxygen-neon (O/Ne) WD
such as that described by Kashyap et al. (2018), which is pre-
dicted to create a very low-luminosity transient. It remains to
be seen whether such transients would spectroscopically re-
semble low-luminosity SN Iax.

6.1. Radiative Transfer Models

Our radiative transfer modeling follows a similar proce-
dure as outlined by Blondin et al. (2023). Starting with
the spherically-averaged density and abundance profiles at
t =~ 100s post explosion available on HESMA, we gener-
ated initial conditions at a later time (23d and 33d post
explosion for the N1def model, 20d post explosion for the
N5def_hybrid model; see following sections) taking into ac-
count changes in composition induced by the decay of ra-
dioactive isotopes and the decrease in density due to homol-
ogous expansion (p o< 1/t3). We applied a small radial mix-
ing to the HESMA inputs with a characteristic velocity width
Avpix =200 km s~! to smooth sharp variations in composi-
tion (see, e.g., Blondin et al. 2022). We then solve the 1D
non-LTE radiative transfer with CMFGEN (Hillier & Dessart
2012) assuming steady state. Given the predicted small ejecta
masses for lower-luminosity SN Iax, which turn optically
thin more quickly, steady-state models at these phases are
still reasonable and instructive, especially in the IR. Time-
dependent effects become increasingly important at earlier
phases. However, future modeling of these systems should
include time-dependent effects, which are beyond the scope
of the current study. Furthermore, our modeling approach
ignores the contribution of the bound remnant predicted by
both models, which has been shown to affect the radiative
display (e.g., Callan et al. 2024).

Non-local energy deposition from radioactive decay was
treated using a Monte-Carlo approach for ~-ray transport.
Non-thermal processes are accounted for through a solution
of the Spencer-Fano equation (see Li et al. 2012). The fol-
lowing ions were included: He 111, C 1-111, N 1111, O I-III,
Ne 1-111, Na1, Mg 11111, Al1I-111, Si -1V, S 1I-1V, ArI-I1],
Ca1i-1v, Sc 11—111, Ti 11—111, Cr 1II-1V, Mn 11111, Fe 1-v, Co I-
1v, and NiI-v. For all of the aforementioned ions, we also
consider ionizations and recombinations from the ground
state of the next ionization stage (e.g. Co V in the case of
Co). More details concerning the atomic data can be found
in Appendix B of Blondin et al. (2023).

6.2. Nldef Model

We compare SN 2024px]l to CMFGEN radiative transfer
calculations of the lowest-energy model, Nldef, from Fink
et al. (2014) (publicly available on HESMA, Kromer et al.
2017). Singh et al. (2025) find good agreement from the
light curve properties of SN 2024pxl with the N1def model,
so we choose this model to investigate. We also explored
the r45_d6.0_Z model from Lach et al. (2022), as it has sim-
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Figure 12. N1def model spectrum at 50 days post-explosion (black) compared with SN 2024px1 at +37 days, corresponding to 50 days post-

explosion (gray). The SN 2024pxl spectrum has been offset for clarity, and the flux is displayed using an arcsinh scaling to show details of
weaker lines. Contributions from each ion to spectral features are shaded by color.

ilar luminosity to SN 2024pxl and a slower light curve de-
cline than the N1def model; however, we found the model
spectra to be nearly identical to the Nldef model. Fig-
ure 12 shows our Nldef model spectrum at 50 days post-
explosion compared to the observed spectrum of SN 2024px1
at +37 days, corresponding to ~50 days post-explosion (as-
suming a 12 day rise-time, Singh et al. 2025). Note that
many caveats regarding time-dependent effects apply at in-
creasingly earlier phase, as the steady-state assumption be-
comes increasingly less valid. The N1def model produces
spectral lines with similar velocities to SN 2024pxI and pre-
dicts most of the strong spectral features. The model spec-
trum is shaded by the contribution of each ion to particu-
lar spectral features to elucidate the amount of line blending.
The model notably underpredicts the emission strength of O T
and [Mg 11] lines. Given that this N1def model has not been
tailored to SN 2024px] in any way, we find that the match in
the predicted lines from optical to MIR is very good.

The overall ionization of our N1def model is higher than
that of the observations, seen most clearly in the weaker
model flux in the Fe II near 1 pum, the Co 1I between 1.5—
2.5 pm, and the [Ni I1] 6.63 pm line. [Ni 111] 7.35 um and

[Co 111] 11.89 and 16.4 pm are also stronger in the model
than observed in the data. This indicates that the density of
the ejecta stays higher than the model predicts, since singly
ionized states are more probable in denser environments that
facilitate recombination, all other things being equal. Shin-
gles et al. (2022) found that CMFGEN (and also ARTIS) ra-
diative transfer models tend to produce overionized ejecta.
Rectifying this modeling challenge may also mitigate the
ionization discrepancy we find between the model and the
data.

Furthermore, the thermal continuum in the data diverges
significantly from that of the model, which has essentially no
IR continuum (see Figure 13). We attempt to artificially “cor-
rect” the continuum by adding a 4000 K blackbody modified
by a skewed Gaussian factor that suppresses optical and en-
hances NIR flux, potentially justifiable as some of the optical
blackbody flux being trapped and redistributed to the IR. A
physical interpretation of this modified blackbody addition to
the model could be energy input from the remnant, which is
not included in our radiative transfer calculations. We stress
that this skewed blackbody addition is illustrative—not phys-
ically accurate—added after the radiative transfer simulation,
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Figure 13. SN 2024px] at +11 days (23 days post-explosion; indigo), +21 days (33 days post-explosion; light blue) and +37 days (50 days
post-explosion; teal) compared to the N1def model at 23, 33 and 50 days post-explosion (gray, light gray, and lightest gray, respectively).

Adding illustrative modified ~4000 K blackbodies to the model spectra (black, dark gray, and gray, respectively) improves the match of the

continuum flux, potentially indicating needed effects from time-dependent models or additional energy input from a remnant. The modified

blackbodies are added post radiative transfer and are therefore not physically accurate. The flux is displayed using an arcsinh scaling to show
details of weaker lines. Models are scaled to a distance of 23 Mpc (Singh et al. 2025).

and choices for temperature and skew factor were selected
by eye. Including an additional energy source within the ra-
diative transfer simulation will impact the calculations and
change the ionization balance and spectral features, chang-
ing more than just the continuum flux.

Although inclusion of the effects of a remnant is beyond
the scope of the models in this present work, our results sug-
gest that future modeling of SN Iax, especially in the IR, must
account for the remnant (as in Callan et al. 2024). Some
of the discrepancies in the SED may also be mitigated in
time-dependent models. Properly accounting for these ef-
fects might improve the ionization discrepancy as well.

6.3. N5def_hybrid Model

We calculate a radiative transfer model for the
NS5def_hybrid model from Kromer et al. (2015) (publicly
available on HESMA) of the deflagration of a hybrid C/O/Ne
WD at 20 days post-explosion (similar phase to the +12 day
observation of SN 2024vjm, assuming an 8 day rise). As
seen in Figure 14, the model reproduces many of the ob-
served lines. In the MIR, the model forbidden lines are wider
than observed, indicating the model velocities are too high
compared to SN 2024vjm. The model continuum flux is un-
derestimated in the NIR and MIR, and overestimated in the
optical. Flux in the MIR lines is significantly stronger than
observed, but similar to the observations (excluding the con-

tinuum) in the NIR. Excess optical flux in the model is likely
attributable to the higher luminosity of the N5def hybrid
model as compared to SN 2024vjm. Reducing the deposited
energy might improve the match in the optical, but could also
result in underionization of the ejecta and diminished flux in
the NIR and MIR as well. The observed significant IR con-
tinuum, not present in the model, suggests contribution from
some additional energy source such as a bound remnant.

The N5def_hybrid model is overluminous and the light
curve fades too quickly compared to low-luminosity SN Iax
such as SN 2024vjm. This is also seen in radiative trans-
fer modeling, where the constrained density profiles ex-
ceed those of the corresponding deflagration models in the
outer regions (Magee et al. 2016; Barna et al. 2021; Magee
et al. 2022). Nonetheless, we find that the general spectral
similarities between our N5def_hybrid model and the ob-
served SN 2024vjm spectrum provide compelling support for
SN 2024vjm as a weak deflagration explosion.

Future modeling of low-luminosity SN Iax such as
SN 2024vjm should include the effects of a bound remnant.
If the remnant can effectively keep the energy deposition
high (both via thermal and radioactive decay energy), then
a N5def_hybrid+remnant model might still make a viable
model for SN 2024vjm. Radiative transfer models that in-
clude remnant effects are required to properly compare the
data of extremely low-luminosity SN Iax, which leave be-
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Figure 14. SN 2024vjm at +12 days (~20 days post-explosion; pink) compared to the N5def_hybrid C/O/Ne WD model (gray) and the
NS5def_hybrid C/O/Ne WD model + an illustrative 4500 K blackbody (black) at 20 days post-explosion. The additional blackbody improves the
match to the NIR + MIR continuum flux, but is added post radiative transfer and is therefore not physically accurate. The model overpredicts
the optical flux at <1 pgm. The model has been scaled to a distance of 7 Mpc.

hind the most massive remnants, to hydrodynamical models.

7. DISCUSSION AND CONCLUSIONS

We have presented the first MIR spectra of any SN Iax
by obtaining data of the intermediate-luminosity Iax
SN 2024pxl and the extremely faint Iax SN 2024vjm with
JWST. Despite their large difference in luminosity, their early
panchromatic spectra show many similarities, particularly
between the +12 days observation of SN 2024vjm and the
+37 day observation of SN 2024pxl, including nearly the
same lines, similar panchromatic SED shape, coexisting per-
mitted and forbidden lines between 2.5-5 um, and the early
emergence of forbidden emission in the MIR. The major
spectral similarities between these objects may point to a
similar origin for both events.

SN 2024vjm also displays several differences from
SN 2024pxl, namely narrower lines, lower overall luminos-
ity, more prominent permitted LME and IME lines (O, Mg,
Si, Ca), several additional forbidden lines tentatively iden-
tified as [Mg I1], and increased similarity to SN 2024pxl at
a later rather than coeval phase. These properties likely in-
dicate that SN 2024vjm has a steeper density profile, lower
ejecta mass that becomes optically thin more rapidly, and an
increased mass fraction of IMEs.

These early-time MIR spectra are complex, with contribu-
tions from optically thick and optically thin permitted lines,
and emerging forbidden emission. Different ions have differ-
ent critical densities, so in principle, a careful analysis with
the aid of improved models may be able to place constraints
on the densities and geometries for these various ion species
within the ejecta.

The panchromatic spectra of SN 2024pxl show good agree-
ment with spectral models based on the single ignition point
deflagration N1def model of Fink et al. (2014). We find sev-
eral new pieces of evidence to support a weak/failed defla-
gration explosion model for SN 2024pxl:

e The MIR forbidden emission line morphologies of
both IGEs and IME:s are centrally peaked, with FWHM
clustered around 8000 km s~', consistent with ejecta

that are well mixed on large scales through turbulent
convection.

The isolated O 1 2.76 pum line has a broad emis-
sion base, topped by a narrow blueshifted component.
We interpret this morphology as corresponding to the
channel and inner region of unburned material pre-
dicted for one-sided deflagrations from low numbers
of ignition points from Fink et al. (2014).

e We detect narrow, centrally peaked [Ne I1] at
12.81 pm. Ne is nucleosynthesized at low densities
and must be mixed into the center. Violent WD-WD
merger models predict a significantly wider Ne line,
and with the added context of other observables (e.g.,
light-curve properties), we find this Ne line supports a
pure deflagration.

 Our radiative transfer model spectrum of the single-
ignition-point deflagration model, N1def, from Fink
et al. (2014) predicts the lines that we observe in
SN 2024pxl. Artificial “correction” of the model con-
tinuum with a modified blackbody hints that additional
flux from a central remnant may be needed.

The origin of SN 2024vjm remains more ambiguous; how-
ever, a weak deflagration explosion, possibly of a hybrid
C/O/Ne WD appears promising. As in SN 2024pxl, we
observe centrally peaked emission from LMEs, IMEs, and
IGEs, which suggests that the ejecta are mixed. However, the
luminosity and ejecta velocities in SN 2024vjm are too low
for the deflagration models of Fink et al. (2014) and Lach
et al. (2022). For example, the weakest deflagration model
from Fink et al. (2014) with only one ignition point, N1def,
creates 0.084 M, of ejecta and 0.035 M, of *°Ni, far larger
than the My; =~ 8 x 10~ M, measured from the light curve of
the similarly low-luminosity SN 2021fcg (Karambelkar et al.
2021).

Kromer et al. (2015) find that lower masses of °°Ni
and total ejecta can be produced by the deflagration of
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a hybrid C/O/Ne WD (N5def_hybrid model). The MIR
[Ne 11] 12.81 pm line might provide a way to compare the
amount of Ne present in SN 2024pxI] and SN 2024vjm and
test this theory where the additional mass in the C/O/Ne
WD quenches the deflagration, resulting in lower luminos-
ity. This comparison will be better done with late-time
MIR data JWST-GO-6580, PI S. W. Jha; JWST-DD-9321,
PI E. Baron) (Jha et al. 2024; Baron et al. 2025) when the
[Ne 11] is fully nebular and SN 2024pxI and SN 2024vjm are
in more similar stages of their evolution. The N5def_hybrid
simulation creates a transient with My ~ —14.2 mag, simi-
lar in luminosity to faint transients such as SN 2008ha and
SN 2010ae; however, the total ejecta mass produced is too
small for these objects by roughly a factor of 10 (0.014 M)
and so the simulated transient evolves too quickly.

As noted by Karambelkar et al. (2021), fewer ignition
points could help reduce the production of °Ni, but the re-
sulting transient would evolve even more rapidly. Karam-
belkar et al. (2021) therefore favor a merger of the kind de-
scribed by Kashyap et al. (2018) to explain SN 2021fcg;
however, their argument leans on photometric behavior. Rit-
ter et al. (2021) and Lykou et al. (2023) also favor a double-
degenerate merger scenario for SN Iax based on analysis of
the historical SN 1181 and its likely remnant Pa 30. It is un-
known if such mergers can produce spectra similar to our ob-
servations, and future modeling should investigate this pos-
sibility.

Current models appear inconsistent with the observed
properties of extremely low-luminosity SN Iax, but we en-
courage future modeling efforts that combine the deflagra-
tion mechanism and the effects of a remnant to attempt
to produce transients with luminosity and duration akin to
SN 2024vjm. In particular, reevaluation of the N5def_hybrid
model (Kromer et al. 2015) with inclusion of remnant ef-
fects may be a promising avenue. Owing to the spectroscopic
similarity to SN 2024px] as well as to our radiative trans-
fer N5def_hybrid model, across optical+NIR+MIR wave-
lengths, we favor a weak/failed deflagration leaving behind
a remnant as the origin of SN 2024vjm, but we acknowledge
that current deflagration models do not explain the lowest lu-
minosity objects well.

The panchromatic dataset presented here, accompanied
by thorough ground-based photometric and spectroscopic
follow-up observations of SN 2024pxl presented by Singh
et al. (2025) and Hoogendam et al. (2025), is unparalleled
for SN Iax to-date. We encourage the use of this dataset in
additional analyses and for comparison to future modeling
including the effects of a remnant.

These panchromatic spectra are also novel as multilayer
probes of the ejecta structure, displaying photospheric P-
Cygni profiles from outer layers in the optical and NIR as
well as forbidden emission from interior layers in the MIR.
Further detailed spectral modeling of the data might be able
to stringently constrain densities, temperatures, ionization
states, and composition of the ejecta, as well as distinguish
between radioactive and stable Ni. Our observations high-
light the power of JWST combined with ground-based facili-

ties to advance our understanding of the astrophysical origins
of SN.
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APPENDIX

A. MIRI/LRS WAVELENGTH CALIBRATION

There is a known issue with the MIRI/LRS wavelength calibration that has gone through several iterations of improvement. In
comparing the LRS spectra of SN 2024pxl to its MRS spectrum, for which the wavelength solution is accurate, we find a clear
discrepancy at wavelengths A <8 pm. Our MRS spectrum was taken only 5 days before our final LRS spectrum for SN 2024pxl,
at +37 and +42 days, respectively. At this phase, the forbidden MIR lines at wavelengths A =8 pum agree very closely with
minimal velocity evolution between these epochs. Therefore, to correct the wavelength solution of our LRS spectra, we match
the peaks of each clear SN emission line between 5-12.5 pum between the MRS spectrum and the +42 day LRS spectrum. To
do so, we centroid the peaks near 5.7, 6.3, 6.6, 7.0, 7.4, 8.5, 10.5, and 12.0 um in both the MRS and final LRS spectrum with
a bootstrapping method. We then fit a linear correction to the difference in wavelength of the peaks between the LRS and MRS
spectra, weighted by the uncertainties. We correct all LRS spectra by this fit, with the equation given below,

AX=0.00376 ALrs—0.0431 um

where A\ = )\LRS — >\MRS~

We then take our wavelength correction and apply it to the earlier LRS epochs. While there is still some uncertainty in this
correction due to the changing velocities of the SN ejecta over time, this is likely within the uncertainty from the LRS resolution.
Figure 15 and Figure 16 show our wavelength correction. We suggest that additional calibration between LRS and MRS should be
done, potentially by observing the same thermonuclear SN with forbidden emission lines in the 5-8 um range contemporaneously
with both LRS and MRS to accurately calibrate the short wavelengths for all future LRS observations.

B. LINE IDENTIFICATION

The model from which we base our line identifications has been calculated at 50 days post-explosion (~ +37 days post
maximum-light) and includes both permitted and forbidden line transitions. The atomic data used here are the same used by
Blondin et al. (2023). By +37 days post-maximum in SN 2024pxl, the velocities are narrow enough that the peak of most indi-
vidual contributing lines can be distinguished, and we can match them to model lines. We use the predicted strengths from the
model line list to guide our identifications and check that the velocity offset of the line peak is consistent with other nearby lines
and/or those seen in other lines of the same ion.

To further improve our confidence in our line identifications and determine how much a particular ion contributes when multiple
potential lines are very close in wavelength, we calculate versions of the model spectrum omitting one ion at a time. Then we
divide by the full-ion model spectrum and subtract from 1 to obtain the contribution of each individual ion. We note that by
removing an ion from the calculation, we remove a source of absorption and/or emission which can change the overall spectrum,
not just a single ion’s contribution. Our method gives a close approximation of the contribution of an individual ion, but it may
not be exactly the same calculation as if the ion were included. The complete model line-list used will be made available on
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Figure 15. The discrepancy in the LRS wavelength solution introduces some additional uncertainties to the measured line velocities and widths.
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0.5 T T T T T T T T

SN 2024px| +37d MRS
0.4 —— SN 2024pxI| +42d LRS
—— LRS corrected

) 6 7 8 9 10 11 12 13
wavelength (um)

Figure 16. Comparison of the MRS spectrum of SN 2024pxl at +37 days (gray), the LRS spectrum at +42 days (black), and the LRS spectrum
with our wavelength correction applied (red).

Zenodo*.

For our line identifications of [Mg 11], we check that omitting Mg 1T in the model spectrum calculation creates a flux deficit
compared to the full model spectrum at these wavelengths (specifically 3.09, 4.76, and 9.71 pm), increasing our confidence that
Mg 11 is indeed responsible for the observed emission.

Phase (days)  vphot ( km sy FWHM (kms™)

SN 2024pxI
8 —4550 £270 1980 =+ 670
10 —4260 £ 140 1890 = 260
18 —3650 £ 1110 2500 + 260
23 -3110 £ 100 2600 + 130
34 ~2510 £200 2580 4270
36 —2390 + 170 2950 + 190
37 —2530 £250 2540 4 440
42 —2380 4+ 1340 3460 + 830
SN 2024vjm
12 ~1180 + 60 1430 + 160

Table 2. Co II Line Velocities

4 https://zenodo.org/communities/snrt/
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Epoch 1 (+11 d)

Epoch 2 (+21 d)

Epoch 3 (+37 d)

Epoch 4 (+42 d)

Ton | FWHM (kms™) Vpor (kms™) | FWHM (kms™) Voo (kms™) | FWHM (kms™)  vpno (kms™) | FWHM (kms™)  vpnor (kms™)
[Co ] 8800 + 500 600 + 200 8600 + 200 900 + 100 6880 =+ 50 360 + 20 7500 = 200 700 + 100
[Ni I1] 9300 = 700 200 + 300 8400 + 300 400 + 100 6030 =+ 20 290 + 10 7900 = 200 200 + 100
[Ar IT] 8500 + 600 —1300 == 200 8400 + 600 —800 + 300 9450 + 120 —170 + 50 7400 £ 1000 —200 + 400
[ArIIl] | 9300 + 1300 3200 =+ 600 8000 42900 2500 + 1400 — 1550 =4 420 8300 43400 2200 + 1600
[Ni 111 10200 + 200 1500 + 100 9100 = 200 1300 + 100 7860 + 40 780 £ 10 8300 4 300 800 + 100
[Co III] 8400 = 400 1400 + 200 7600 + 200 1100 + 100 8180 & 70 680 + 30 8000 4 200 400 £ 100
[NiIV] — 2000 + 500 — 600 + 800 — —480 4 120 8500 =+ 2200 1000 + 700
[Mg I1] 6800 + 300 100 £ 100 6000 4 1000 600 + 300 12000 & 0 630 + 280 4700 4000 100 & 1400
[Ne IT] — — — — 9260 + 440 690 + 80 7500 + 300 1000 + 100
[Co IV] — — — — 6210 =+ 300 —1130 £ 170 — —

Table 3. SN 2024px1 Forbidden Line Velocities
Line FWHM (kms™)  vphor (kms™)
[Mg I1] 4.76 pim 2700 = 200 20 + 60
[Ni II] 6.64 um 3300 4 100 380 + 20
[ArI1] 6.98 um 4200 + 200 220 £ 30
[Ni IIT] 7.35 pm 3400 + 400 —-80 + 150
[Mg I1]? 7.45 pum 5200 + 300 450 4 100
[Co 111 10.52 um 3100 + 300 400 £ 70
[Ni IT] 10.68 xm 3700 + 800 130 + 550
[Co II1] 11.89 um 5800 = 300 350 + 90
[Mg11]? 12.3 pum 4300 = 300 -520 £ 80
[Ne 1] 12.81 ym 4300 = 200 —180 £ 60
[Co IT] 14.74, 15.46 yum 3000 + 100 560 =+ 20
Table 4. SN 2024vjm Forbidden Line Velocities
Peak F,, (mly)

Line Epoch 1 (+11d) Epoch?2 (+21d) Epoch3 (+37d) Epoch 4 (+42 d)
[Nill[] 6.64 um  0.064 £0.002  0.175+£0.003  0.406 +0.005  0.326 & 0.006
[Ar11] 6.98 um  0.076 +0.003  0.079 +0.003  0.118 £0.006  0.092 + 0.006
[NiIl[] 7.35 pm  0.126 +0.002  0.1744+0.003  0.289 £0.005  0.261 + 0.006
[NiIV]8.05 um  0.024 £0.002  0.031 £0.004  0.058 +0.015  0.044 & 0.006
[Ar1I1] 8.98 um  0.016 £0.002  0.015 + 0.003 — 0.021 + 0.004
[MgI1]9.71 pgm  0.056 £ 0.002  0.04 & 0.004 — 0.017 + 0.004
[Coll] 10.5 um  0.045+£0.002  0.12940.003 0238 £0.005  0.271 = 0.006
[NiII] 11.0 pgm  0.037 +0.002  0.064 £ 0.002  0.104 +0.008  0.104 + 0.004
[CoIll] 12.0 um  0.05440.009  0.1194+0.003  0.179 £0.011  0.274 + 0.006

Table 5. SN 2024px] Forbidden Line Peak Flux
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